INTRODUCTION
more active than quinine and found cinchonine (the demethoxyl analog of quinidine) An understanding of the three-dimen-to be 2.8 times more active than cinchonisional structural components responsible dine (the demethoxyl analog of quinine) in for antimalarial activity should aid the de-vitro against Papua New Guinea FCQ-27/ sign of new drugs to treat the increasingly PNG P. falciparum. Subsequently, Basco abundant resistant strains of Plasmodium et al. (1992) reported that quinidine was 2.2 falciparum. The naturally occurring cin-and 3.2 times more active than quinine in chona alkaloids show activity differences vitro against Cameroon chloroquinedependent upon the absolute stereochemis-resistant FCM 29 and Ivory Coast chiorotry of their amine and hydroxyl groups. In quine-sensitive L-3 P. falciparum strains, vitro studies (Karle et al. 1992) with the cin-respectively. In addition, quinidine was chona alkaloids have demonstrated that twice as effective as quinine against inquinidine (the 8R,9S alkaloid) (Fig. I ) is 2.3 duced McClendon P.falciparum clinical inand 2.8 times more active than quinine (the fections (Taggart et al. 1948) and was more 8S,9R alkaloid) against chloroquine-potent clinically than quinine against Thai Ssensitive Sierra Leone D-6 and chloro-P.falciparum (White et al. 1981 ; Phillips et quine-resistant Indochina W-2 P. falci-al. 1985) . parum, respectively. Likewise, dihydroIn this study, the relative potency of the quinidine was approximately twice as (+)-and (-)-isomers of synthetic amino active as dihydroquinine against both the alcohol antimalarial agents was quantitated chloroquine-sensitive and chloroquine-to determine if absolute stereochemistry resistant clones. These results are consis-plays a role in efficacy of the synthetic tent with the findings of Wesche and Black agents as it does for the naturally occurring (1990) who found quinidine to be 2.5 times cinchona alkaloids. We also wished to de-
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" the amount of incorporated tritium, and max, k. and n mm, 10-ý±m particle size (0. T. Baker, Inc., Philare the constants whose values are estimated by nonlipsburg, NJ) and the Pirkle Covalent L-leucine collinear regression. umn. 10 x 250 mm, 5-gim particle size (REGIS, MorStatistical analysis. The two-tailed paired t test was ton Grove, IL). The eluant was 2-propanol/hexane/ applied to the IC_ 0 values of pairs of (-+ )-and -0.4% diethylamine. Peak areas were quantitated using enantiomers assayed simultaneously. the Axxiom Chromatography Data System (Calabasas, CA). RESULTS Parasites and culture conditions. Two P. falciparum clones designated Indochina (W-2) and Sierra
Enantiomeric purity of the resolved anti-
Leone (D-6) were maintained in a 5-ml suspension of malarial agents. The enantiomeric purity of human type A+ erythrocytes (6% hematocrit) con-the test compounds ( Fig. 1) Table I) 
Antimalarial activity. The synthetic
The Indochina clone is resistant to the antimalarials amino alcohol antimalarial agents listed in chloroquine, sulfadoxine, pyrimethamine. and qui-Table II are 5.2 to 26.5 times more active nine, whereas the Sierra Leone clone is resistant to against the chloroquine-resistant Indochina mefloquine, but sensitive to chloroquine, quinine, sulfadoxine, and pyrimethamine (Milhous et al. 1989 ).
W-2 clone than they are against the chloroDrug susceptibility testing. The assays were conquine-sensitive Sierra Leone D-6 clone. ducted in vitro using a modification of the semiauto-This is true whether or not the amine is part mated microdilution technique of Desjardins et al. of an acyclic group or is part of a piperidine (1979) and Milhous et al. (1985) . The enantiomers or racemic compounds were dissolved in DMSO and ding in the erythro or threo configuration.
luted 400-fold in RPMI 1640 culture medium with 10% This is in contrast to the cinchona alkaloids heat-inactivated human plasma. The test compounds (Karle et al. 1992) FiG. 1. Chemical structures. The asterisks indicate asymmetric carbon atoms. Dihydroquinine and dihydroquinidine result from saturation of the vinyl group in quinine and quinidiiie. respectively. 9-Epiquinine and 9-epiquinidine are the 8S,9S and 8R.9R analogs, respectively, of quinine and quinidine. Mefloquine and WR 177,602 are diastereomers. Racemic er ' yhro mefloquine is an equal mixture of the RS and SR isomers. Racemic threo WR 177.602 is an equal mixture of the RR and SS isomers. Racemic threo enpiroline is an equal mixture of the RR and SS isomers. From nuclear magnetic resonance studies, WR 122.455 appears to be the ervthro diastereomer. and WR 165,355 appears to be the three) diastereomer (Olsen 1972; Carroll and Blackwell 1974) .
part of a bulkier bicyclo ring system and Of all the synthetic amino alcohol antiwhere the erythro quinine. quinidine. dihy-malarial agents listed in Table 11 , only the droquini 11 c, and dihydroquinidine are all at enantiomters of the ervthro mefloquine and least 3.3 times less active against the W-2 its :/zreo analog WR 177,602 demonstrated clone than the D-6 clone. However, like the differential IC5 0 activities within the same synthetic antimalarial agents, the t/ireo P. falciparum clone approaching the 2.3-to 9-epiquinine and 9-epiquinidine are 2.6 to 2.9-fold difference observed between quin-2.9 times more active against the W-2 clone idine versus quinine and dihvdroquinicline than the D-6 clone (Karle et al. 1992) .
versus dihydroquinine (Karle ef al. 1992 Percentage of desired isomer in sample. bRs = the distance between two peak centers divided by the average base peak width.
For both mefloquine and WR 177,602, the antimalarial agents are potent antimalarial (+ )-isomer was 1.69 to 1.95 times more ac-agents in vitro against both the chloroquinetive than the (-)-isomer. Although the IC 50 sensitive and chloroquine-resistant P. falcivalue varied some from experiment to ex-parum clones. This is consistent with the periment, each individual experiment con-results of Childs et al. (1984) who found sistently showed the (+)-isomer of meflo-both enantiomers of WR 122,455 and WR quine and WR 177,602 to be the more po-165,355 to be active in vitro against the tent isomer as demonstrated in the standard chloroquine-sensitive Malayan Camp and deviation for the ratio of IC 50 values. The the chloroquine-resistant Vietnam Smith P. compounds other than mefloquine and WR falciparum strains and with the results of 177,602 which contain a piperidine ring dis- Basco et al. (1992) who found both enantioplayed no more than a 1.30-fold difference mers of enpiroline, halofantrine, and mefloin the IC 5 0 values of their individual enan-quine to be active in vitro against the chlotiomers within the same P. falciparum roquine-sensitive Ivory Coast L-3 and the clone. The acyclic compounds displayed no Cameroon FCM29 P. falciparum strains. In more than a I. 14-fold difference in the IC 50 vivo data has also shown both enantiomers values of their individual enantiomers of erythro mefloquine and threo WR within the same P. falciparum clone. For 177,602 as well as both enantiomers of the all of the synthetic amino alcohol antima-diastereomers WR 122,455 and WR larial agents, the ratio of IC 50 values of the 165,355, halofantrine, WR 33,090, and WR individual enantiomers were nearly identi-33,093 to be active against Plasmodium cal for both the chloroquine-sensitive clone berghei in mice (Carroll and Blackwell and the chloroquine-resistant clone.
1974; Carroll et al. 1978) . Karle and Karle (1989) had predicted that both enantiomers
DiSCUSSION
of enpiroline should possess antimalarial The data in Table 11 show that bo~h activity sin,:, onc enantiomer of enpwroline enantiomers of the synthetic amino alcohol superimposes well structurally with quinine and the other enantiomer superimposes were more active than the (-)-isomers well structurally with quinidine. The results against the Sierra Leone and the Indochina obtained by Basco et al. (1992) and ob-P. falciparum clones (Table II) , but the tained in this study confirm this prediction. enantiomers of mefloquine were equally acThe more rigid the molecule, the more tive against the Ivory Coast and Cameroon likely an enantiomeric difference in po-P. falciparum strains (Basco et al. 1992 ). tency will be observed against P. falci-The enantiomers of enpiroline were essenparum. As discussed in the introduction, tially equally active against both the Asian quinidine, with its bicyclo ring structure and African P. falciparum (Table II and (Fig. 1) , is two to three times more active Basco et al. 1992) . The enantiomers of WR than quinine in vitro against both African 122,455 and WR 165,355 were almost and Asian P. falciparum. When the bicyclo equally active against the P. falciparum ring structure is simplified to a piperidine clones used in this study (Table I1 ) and in ring, the results are variable. The (+)- Childs et al. (1984) . Finally, none of the isomers of mefloquine and WR 177,602 acyclic compounds in this study nor in the 
FIG.
2. Superposition of (a) quinidine and one enantiomer of mefloquine and (b) quinidine and one enantiomer of enpiroline. Quinidine was drawn with narrow lines. Mefloquine and enpiroline were drawn with thick lines. All of the heteroatoms are labeled. The conformation of the molecules was determined by X-ray crystallography Karle 1989, 1991) with the exception of the piperidine ring of enpiroline which has been rotated such that its amine group superimposes with the amine group of quinidine. Basco et al. study (1992) displayed any sig-ring displayed significant differences in the nificant differential activity by the enantio-potency of their respective enantiomers. mers.
The relative potency (the ratio of IC 50 valThe structure of the aromatic ring system ues) of the enantiomers of the synthetic is important to the differential activity ex-amino alcohol antimalarial agents was eshibited by the antimalarial agents contain-sentially the same for the chloroquineing a piperidine ring. Like quinine and quin-sensitive and the chloroquine-resistant P. idine, both mefloquine and WR 177,602 falciparum. 
